Introduction
Understanding the interaction of gas molecules (O 2 and H 2 O) with metal surfaces is critically important for many applications such as corrosion. Aluminum and its alloys are widely used outdoors [1] [2] [3] [4] [5] [6] because of their excellent mechanical properties and corrosion resistance. It has been shown that corrosion products play an important role in their corrosion resistance. 7 The adsorption and reaction of O 2 and H 2 O on metal surfaces is crucial to the formation of oxide lms. Because of the absence of d-electrons and a simple geometrical structure, a gas/Al system is simpler than transition metals. As mentioned by Leygraf and Graedel, 8 the time scale for surface lm formation is approximately one microsecond, which means it occurs too fast to be observed or detected by experiments. Thus, theoretical calculations must be used to investigate the mechanism of the gas adsorption.
The oxidation process is a key step of dissociative adsorption of O 2 on the surface. To gain some insights into the mechanism of the oxidation of Al surfaces, O 2 adsorption on Al(111) surfaces has been studied experimentally and theoretically by researchers. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Pashutski et al. 9 studied the adsorption of O 2 on Al(100) at 80 K using Auger and X-ray photoelectron spectroscopy. The results showed that Al x O y oxides were formed in x : y ratios from 3 : 1 to 1 : 1 at low coverage, and the oxide layer transformed to the familiar Al 2 O 3 at higher coverage or upon heating to room temperature. Experiments clearly indicate a mysteriously large number of adsorbed single oxygen atoms instead of pairs. 10, 11 The calculation results show that O 2 can adsorb on multiple original sites on the Al(111) surface.
12,13
Experiments and theoretical calculations support chemisorption only on the fcc site of the rst layer of Al(111), 14, 15 and O 2 does not penetrate into subsurface sites. 16 Liu et al. 17 predicted that O 2 molecule can be adsorbed on the Al(111) surface with a barrier of approximately 0.2-0.4 eV, and the lowest unoccupied molecular orbital of O 2 is higher than the Fermi level of the Al(111) surface, which is responsible for the barrier of the O 2 adsorption. Florian Libisch et al. 18 also investigated the origin of the energy barrier for chemical reactions of O 2 on Al(111). The results show that correct barriers arise naturally when embedded correlated electron wave functions are used to capture the physics of the interaction of O 2 with the metal surface. They suggested that the barrier originates from an abrupt charge transfer.
There are also many papers that have investigated the adsorption and desorption kinetics of water on aluminum, 19, 20 the geometric, electronic and vibrational structure of the adsorbed layer, 19, 21, 22 and the oxidation kinetics of aluminum with water. 23, 24 The adsorbed form of H 2 O is predominantly molecular on the clean surface at low temperature, and in the presence of oxygen, the adsorbed form is predominantly dissociated. The production of adsorbed hydroxyl species from water reaches a maximum at 250 K on the clean surface and 350 K on a surface with pre-adsorbed O atoms. 25 A study by Paul and Hoffman showed that H 2 O decomposed preferentially to surface-bound hydroxyl species. They also found that H 2 O reversibly adsorbed on the Al(100) surface via hydrogen bonding, or H 2 O dissociated into H and OH species. 26 Guo et al.
27 studied the energy barriers for the water dissociation processes using the nudge elastic band method. The results showed that hydrogen atom dissociation from H 2 O requires 248.32 kJ mol À1 of energy on a clean Al(111) surface, whereas the dissociating energy decreased to 128.53 kJ mol À1 with the aid of O adsorption. An accurate atomistic description of the H 2 O-solid interface is crucial for understanding the oxidation mechanism of Al. Although scanning probe techniques, specically scanning tunneling microscope, have contributed signicantly to the eld by providing detailed insight into the structure and dynamics of H 2 O-adsorbed structures at the nanoscale, such studies are limited to well-dened, single crystal metal surfaces at low temperature and under ultra-high vacuum conditions. Computer calculation techniques, specically density functional theory (DFT), have played a central role in understanding the mechanism of the interaction of H 2 O with metal surfaces, 28 whereas these calculation remain an important problem. This is mainly because the standard DFT fails to describe the non-local van der Waals (vdW) dispersion forces, which are related to H 2 O adsorption and weak adsorption systems in general. 28, 29 As the problem exposed, a number of developments with DFT based schemes for dealing with vdW dispersion forces have been proposed. 30 The H 2 O adsorption structures have been considered using dispersion-corrected DFT. [31] [32] [33] [34] Indeed, the studies have indicated that vdW dispersion forces should be accounted for when describing the interaction between a H 2 O molecule and a metal surface.
Here, we report a standard DFT study of the molecular and dissociative adsorptions of O 2 on a clean Al(111) surface. We use a vdW-DFT method to investigate the molecular adsorption of the H 2 O on clean and oxygen pre-adsorbed Al(111) surfaces. The dissociation adsorption of H 2 O molecule, that is, the coadsorption of OH and H, was calculated using standard DFT aer dispersion force testing. We analyze the structural evolutions, adsorption energies, charge transfer and partial density of states (PDOS) of the adsorbed structures and discuss the impact of the pre-adsorbed O atom on the H 2 O adsorption behavior.
Computational details

Adsorption calculation
All calculations presented in this work were conducted using MedeA-VASP 5.4 soware, 35, 36 which is a fast and highly reliable electronic structure method that is based on DFT. 37 The calculation was conducted in a plane-wave basis, using the projectoraugmented wave method. 38 The exchange-correlation functional for describing the interactions was GGA-PBE. 39 The adsorption calculations were conducted on 6-layer slabs of Al(111) with a 12Å vacuum gap. A (3 Â 3) mesh was used for the adsorption calculation. The adsorbates and the three uppermost surface layers were allowed to move freely, and the bottom three layers were xed. The electronic iterations convergence was 10 À5 eV using the Normal (blocked Davidson) algorithm.
Periodic boundary conditions were set, leading to an innite periodic system. The adsorption energies (E ad ) were calculated from the following expression:
where E ads , E sub and E ads/sub represent the total energy of the isolated adsorbate, the relaxed clean slab and the slab covered with adsorbates, respectively. According to this denition, a larger adsorption energy means a stronger interaction between adsorbates and the substrate. The surface energy (g surf ) was calculated from the following expression:
where E sub is the total energy of the surface, E atom-bulk is the energy of a single Al atoms in bulk, n is the number of atoms of the slab surface, and A is the surface area. All calculations involving O 2 were performed with a spin polarization to adequately describe the triplet state of O 2 . Tests were established when the vdW dispersion force was considered for the molecular and dissociated adsorption of H 2 O on the clean and O pre-adsorbed Al(111) surface. Based on previous calculations, 40 accounting for vdW dispersion forces does not change the adsorption structures. Table 1 shows the change of adsorption energy before and aer considering nonlocal vdW dispersion forces. Comparing the DFT calculation with the vdW-DFT calculation in terms of adsorption energies, the vdW dispersion forces have a signicant effect on the molecular adsorption of H 2 O on the clean and oxygen preadsorbed Al(111) surface. Therefore, the vdW-DFT approximately takes into account the dispersive forces and vdW interactions in the molecular adsorption of H 2 O. The optimized vdW functional based on the Becke 86 (optB86-vdW 41, 42 ), was chosen as the exchange functional, which tends to exhibit the smallest errors for most of the systems investigated. The non-local vdW correlation was not dened for a spin polarized system. The slab models were calculated using a (4 Â 4 Â 1) Monkhorst-Pack grid. 43 All calculations were performed using a 520 eV cut off energy. The post-processing of the results, which was based on structure and charge density, was constructed using VESTA.
44
The so-called Bader scheme for dividing the slab surface into atomic regions has been used, 45 which proved to be robust and efficient. Included in MedeA-VASP as a property module, this approach is based on a classic algorithm, which was proposed by Bader and, implemented by Henkelman et al. 46 The calculation of difference charge density between the self-consistent pseudo charge density and the superposition of atomic charge densities is one of the most signicant applications of pseudopotential theory. The property of PDOS was calculated to investigate the interaction between different atoms. From the PDOS diagram, the peak shiing indicates that the electronic number of the atom within a certain energy interval changed. The interaction between different atoms may relate to the overlapping of peaks.
Transition states search calculations
For the transition states search (TSS) calculation, the Nudged elastic band 47 method was used to map the minimum energy path between the initial system and the nal system at a spring constant of 5 49 respectively. Four highly symmetric adsorption sites were considered: top site, bridge site, fcc site and hcp site, as shown in Fig. 1 . The O atoms could only adsorb on three hollow sites which are the fcc site and hcp site at coverages of 1/9 and 2/9 ML in our study. The adsorbed structures are listed in Table 2 and marked in Fig. 1 . The geometrical parameters, adsorption energies and charge transfer details are provided in Table 2 . For the single O atom adsorption, O(fcc1) and O(hcp1) structures were investigated. A chemical adsorption was observed, which was due to the close distance of Al-O (1.87Å) and which is smaller than the sum of their ionic radii. The adsorption energy of the O(fcc1) structure is larger than that of O(hcp1) indicating a more stable adsorption, whereas the charge prefers to transfer to an O atom adsorbed on a hcp site. For the O adsorption on surface at coverages of 2/9 ML, six adsorbed structures were investigated, in which the O atoms were adsorbed on the fcc site and hcp sites at the nearest and next nearest adjacent distances. The adsorbed structures, geometrical parameters, adsorption energies and charge transfer details are shown in Table 2 . The adsorption energies were calculated as the single O atom, which are basically consistent with previous calculations.
50 O(fcc1)-O(fcc2) is the most stable adsorbed structure of all the calculated structures at coverages of 2/9 ML according to the adsorption energies.
To further understand the mechanism of the O atom adsorption on the Al(111) surfaces, TSS calculations of the O atom along Al(111) surface and O pre-adsorbed Al(111) surface were calculated. The fcc site is the most stable site, and hcp is the metastable site of single O atom on the clean Al(111) surface. The hcp-fcc diffusion pathways of O atom on the clean and O(fcc) pre-adsorbed Al(111) surfaces were calculated. As shown in Fig. 2 and 3 , energy barrier of 25.91 kJ mol À1 for the O Fig. 1 The high symmetrical adsorption sites on the Al(111) surface. H 2 O molecules that were close to pre-adsorbed O atoms were calculated. The adsorbed structures were also shown in Table 3 .
The O atoms pre-adsorbs on the fcc1 and fcc2 sites at a coverage of 2/9 ML, and H 2 O adsorbs on the top site with the H-H line parallel to the short or long axis. The adsorbed structures are
The geometric parameters, adsorption energies and charge transfer details were also shown in Fig. 4c shows the PDOS of O(p) of H 2 O in gas, H 2 O adsorbed on the clean surface and H 2 O adsorbed on the O pre-adsorbed surface. The downshi of the O(p) state with respect to the gas is characterized by the displacement of the peak. The results illustrate that the adsorption of H 2 O on the O pre-adsorbed surface is stronger adsorption on the clean surface, which agrees well with the conclusion inferred from geometrical parameters and adsorption results.
The dissociated adsorption of H 2 O on Al(111)
We discuss the dissociated adsorption behavior of H 2 O, that is, the co-adsorption of H and OH on the clean and O pre-adsorbed Al(111) surfaces. In total 17 initial and nal structures of OH and H co-adsorbed on the clean Al(111) surface were investigated, which are listed in Table 5 . The initial and nal structures were characterized as shown in Fig. 1 . The H atom can be adsorbed on the top2, top3, fcc2, and bridge1 sites when OH adsorbs on the top1 site and it migrates from bridge4 to fcc2 and hcp4 to bridge 1 sites, respectively. For the adsorption of OH on the fcc1 site, the H atom can adsorb on top2, and fcc2 directly and migrates from hcp4 to top3, and bridge4 to fcc2. The OH will migrate to the nearest bridge site when its initial site is hcp corresponding to H atom of different adsorbed sites. The geometrical parameters, adsorption energies and charge transfer details of OH and H co-adsorbed structures on clean Al(111) surface is shown in Table 5 . There are chemical bonds between HO-Al and H-Al according to their distance and all structures have larger adsorption energies. The charge transfer from the surface to OH and H is much larger than the adsorption of H 2 O molecule. Therefore, offering enough charge to H 2 O is one of the necessary conditions to cause it to dissociate. Table  6 shows three possible adsorbed structures of OH and O on O(fcc1)-O(fcc2) pre-adsorbed Al(111) surfaces. The H atom that dissociated from H 2 O bonds with one of two pre-adsorbed O atoms and adsorb on the surface in the form of OH. The geometrical parameters, adsorption energies and charge transfer details are shown in Table 7 . Comparing with the adsorption of OH and H on the clean surface, both the adsorption energies and charge transfer of the adsorption on O pre-adsorbed surface decrease. Thus, the dissociated H 2 O prefers to adsorb on a clean surface rather than on the O preadsorb surface, whereas the required charge transferred to 
Conclusions
Using rst-principles calculations that are based on DFT, the molecular and dissociative adsorptions of O 2 and H 2 O on clean and oxygen pre-adsorbed Al(111) surfaces were investigated. The adsorbed structures, adsorption energy, PDOS, charge transfer from surface to the adsorbates and energy barriers for O atom migration and H 2 O dissociation are calculated. The main conclusions are summarized as follows: 
